An injection-seeded nanosecond terahertz ͑THz͒ wave parametric generator was demonstrated using nonlinear crystals that were pumped by a single frequency Nd:yttrium-aluminum-garnet laser. Spectrum narrowing to the Fourier transform limit ͑ϭ1.58 THz, ⌬Ͻ200 MHz͒ was achieved by injection seeding the idler wave ͑near-infrared Stokes͒. This resulted in a THz-wave output power ͑900 pJ/pulse, Ͼ100 mW peak͒ approximately 300 times higher than that of a conventional THz-wave parametric generator, which has no injection seeder. This compact system operates at room temperature and promises to be a widely tunable THz-wave source that will compete with free-electron lasers and p-Ge lasers. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1370988͔
We have researched a THz-wave parametric oscillator ͑TPO͒ and THz-wave parametric generator ͑TPG͒ that operate at room temperature. [1] [2] [3] The TPO has proved to be a useful coherent THz-wave source that uses the polariton mode scattering 4 ,5 of a LiNbO 3 crystal. It is continuously tunable in the 100-330 m ͑0.9-3 THz͒ range in one operation and can emit peak powers of up to several tenths of a milliwatt. The main difference between a TPO and a TPG is that a TPO has an idler ͑near-infrared Stokes͒ cavity, while a TPG does not. Until recently, the generation of a narrow spectrum THz wave by a TPG was not expected because a TPG has no frequency selection mechanism. The THz-wave linewidth of a conventional TPG exceeds 500 GHz and the THz-wave output is much smaller than that from a TPO. Therefore, we previously concentrated our efforts on the development of a TPO system, although its linewidth was several tens of GHz. This letter is primarily concerned with work on TPGs which indicates superior performance to that of TPOs.
For optical parametric generators ͑OPG͒, injection seeding is an effective method for obtaining a narrower linewidth and higher efficiency. 6 In this letter, the TPG spectrum was narrowed to the Fourier transform limit of the pulse width by introducing both a single frequency Nd:yttrium-aluminumgarnet ͑YAG͒ laser and an injection seeder for the idler. The purity of the THz-wave frequency was dramatically improved to ⌬/ϳ1/10 000. Simultaneously, the obtained THz-wave output was greater than that from the best TPO available. Figure 1 shows the setup of our experimental injectionseeded TPG. Arrangements were tested using one, two, and three LiNbO 3 crystals. The maximum THz-wave output was obtained when two crystals ͑nondoped LiNbO 3 and 5 mol % MgO:LiNbO 3 ͒ were used. Although the TPG efficiency of MgO:LiNbO 3 is higher, 7 its crystal quality is poorer than that of nondoped one. Therefore, we used a nondoped LiNbO 3 for the front side as an idler amplifier. Both crystals were cut into 65ϫ6ϫ5 mm ͑xyz axis͒ pieces. The x surfaces at both ends were polished so that they were parallel, and coated with antireflection coating centered at 1.064 m. The y surface was also mirror polished to eliminate the scattering of the pump beam and to minimize the coupling gap between the Si-prism base and the crystal surface. An array of seven Si prism couplers was placed on the y surface of the MgO:LiNbO 3 crystal for efficient coupling of the THz wave. 8 The pump used was a single longitudinal mode ͑SLM͒ Nd:YAG laser ͓wavelength: 1.064 m, beam profile: TEM 00 , energy: Ͻ45 mJ/pulse, pulse width: 15 ns, linewidth: ϳ40 MHz, repetition: 10 Hz, full width at half maxia͒ Author to whom correspondence should be addressed; electronic mail: kodo@postman.riken.go.jp FIG. 1. The setup used for our experimental injection-seeded THz-wave parametric generator. The pump was a single mode Q-sw Nd:YAG laser ͑1.064 m͒ and the seed for the idler was a continuous wave Yb-fiber laser ͑1.070 m͒. An idler wave ͑1.070 m͒ and a THz wave ͑190 m͒ were generated simultaneously.
APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 19mum ͑FWHM͒ beam diameter: ϳ1.4 mm͔. The pump beam diameter was decreased to 0.8 mm using a telescope in order to increase the power density. The pump power density was Ͻ530 MW/cm 2 at the crystal surface and could be varied with an attenuator. The pump beam was almost normal to the crystal surfaces as it entered the crystals and passed through the MgO:LiNbO 3 close to the y surface in order to minimize the absorption loss of the THz wave inside the crystal (␣Ͼ10 cm Ϫ1 ). A cw SLM Yb-fiber laser ͑wave-length: 1.070 m, beam profile: TEM 00 , power: Ͻ300 mW, linewidth: 1 MHz, FWHM beam diameter: ϳ1.3 mm͒ was used as an injection seeder for the idler.
As shown in the inset of Fig. 1 , the THz wave was generated in a direction that satisfied noncollinear phase matching conditions. Here, k j is the wave vector with j ϭp, i, and T, which indicate the pump, idler, and THz waves, respectively. As the relationship k p Ͼk i ӷk T holds, the angle between the pump and idler is small and the angle between the pump and THz wave is large. On the outside of the crystal, the angle between the pump and seed beams was almost 1.43°, in accordance with noncollinear phasematching conditions. Thus, an idler wave ͑1.070 m͒ and a THz wave ͑190 m͒ were generated simultaneously by injectionseeded parametric generation. Idler observation easily confirmed the THz-wave generation. The polarizations of the pump, seed, idler, and THz waves were all parallel to the z axis of the crystals. The THz beam pattern was nearly Gaussian and had a diameter of 7 mm at a distance of 40 cm from the Si-prism array using a cylindrical lens ( f ϭ30 mm) made of polymethylpentene. The THz-wave output and temporal wave form were measured with a 4 K Si bolometer and a Schottky barrier diode detector ͑SBD͒, 9 respectively. The THz wavelength and the linewidth were measured using a scanning Fabry-Perot etalon consisting of two Ni metal meshes with a 65 m grid. The etalon spacing was varied up to 220 mm using a precise actuator. Figure 2 shows the transmitted THz-wave power as a function of the etalon spacing for spacings of ϳ80 ͑a͒ and ϳ210 mm ͑b͒. Figure 2͑a͒ demonstrates the stability of the spectrum and output during the 20 min scan. The displacement between the two periods ͑190 m͒ directly corresponds to the wavelength. The merit of an injection-seeded TPG lies in its mode-hop-free characteristic, since it has no cavity. On the other hand, as with an injection-seeded TPO, the output is unstable without active control matching the cavity length to the injected seed wavelength. 10 In Fig. 2͑b͒ , the free spectral range ͑FSR͒ of the etalon is 750 MHz and the THz-wave linewidth was measured to be less than 200 MHz ͑0.0067 cm Ϫ1 ͒, which was the measurement resolution limit. Since the etalon spacing was up to 210 mm, the THz-wave pulse ͑3.4 ns͒ made less than three round trips in the etalon cavity; thus the resolution is inevitably limited. The Fourier transform limit of the spectral width was calculated from the pulse shape of the THz-wave as measured by SBD. The typical pulse width of the THz wave was 3.4 ns, and the power spectrum calculated from the pulse shape was about 130 MHz ͑0.0039 cm Ϫ1 ͒. These results confirmed that the linewidth of the THz wave was narrowed to near the Fourier transform limit. The typical resolution of a commercially available Fourier-transform infrared spectrometer in the THz-wave region is approximately 300 MHz ͑0.01 cm Ϫ1 ͒ at best. Therefore, our THz-wave source has sufficient resolution to be used as a spectrometer.
Energy enhancement of the THz wave and idler by injection seeding are shown in Figs. 3͑a͒ and 3͑b͒ , respectively. The THz wave and idler outputs are roughly proportional to each other. Comparison of the output from 0 and 200 mW seeding enabled us to determine that the THz wave and idler energy increased by factors of nearly 300 and 500, respectively. The maximum conversion efficiency was achieved when the pump and seed beams fully overlapped at the incident surface of the LiNbO 3 crystal, as shown in Fig.  1 . This was confirmed by the well-known fact that initial excitation is an essential feature of injection seeding. The maximum THz-wave output of 900 pJ/pulse ͑peak Ͼ100 mW͒ was obtained with a pump of 45 mJ/pulse and a seed of 250 mW. In our study, the power records for the THz-wave output from a conventional TPG and a TPO were 3 and 190 pJ/pulse, respectively. We were pleasantly surprised that the output of the seeded TPG exceeded that from the TPO. The Si bolometer became saturated at about 5 pJ/ pulse, so we used several thick calibrated papers as an attenuator. As the minimum sensitivity of the Si bolometer was almost 1 fJ/pulse, the dynamic-range of the injection seeded TPG system was 900 pJ-1 fJϳ60 dB, sufficient for ͒, which is our measurement resolution limit. most applications. Furthermore, the dynamic range can be significantly increased using a lock-in amplifier. Figure 4 shows the temporal wave forms of the pump, idler, and THz wave using a pump energy of 45 mJ and a seed power of 250 mW. The pulse widths of the pump and idler are 15 and 4 ns, respectively. The observed pump depletion was the largest depletion encountered during our TPG/TPO research. The THz wave form was also found to be depleted with pump energies above 35 mJ/pulse. In spite of the THz wave form depletion, the THz energy continued to increase as shown in Fig. 3 due to the pulsewidth expansion.
Over the last 5 years, our output power has increased nearly 100 times with the introduction of MgO:LiNbO 3 , arrayed Si prism, and injection seeding, while the linewidth has decreased to almost 1/1000 of the original caused by injection seeding. We hope to introduce a tunable seeder in order to examine the wide tunability. Using a suitable seeder, wide range and mode-hop-free tuning is possible for a TPG, since there is no cavity and, hence, no requirement to actively control its length. We believe further improvement in our system is possible. As OPGs and optical parametric oscillators have improved tremendously in the last decade, the use of TPGs and TPOs shows great potential to move towards a lower threshold, higher efficiency, and wider tunability. Operation in other wavelength regions, through proper crystal selection, should also be possible. Success in this will prove the practicality of a widely tunable THz-wave source, the TPG, that consists of a YAG laser, a seeder, and a MgO:LiNbO 3 crystal with a prism array. 4 . The temporal wave forms of the pump ͑1.064 m͒, idler ͑1.07 m͒, and THz wave ͑190 m͒. The pump energy was 45 mJ and the seed power was 250 mW. This is the largest pump depletion observed during our research on TPGs and TPOs.
